The spectral sensitivity of the eye was investigated using reaction times to broadband chromatic stimuli over a range of background luminances. Relative sensitivity was determined from the nonlinear reaction time curve by converting reaction times to a linear measure that was independent of spectral sensitivity. Two models for mesopic spectral sensitivity were compared. The first was a linear combination of V (k) and V 0 (k), and the second included input from the L-M colour-opponent mechanism and the S-cones. The second model produced a significantly better fit to the data. The chromatic mechanisms appear to contribute to reaction time when there is an appreciable chromatic signal but luminance contrast is low.
Introduction
For a stimulus presented on a fixed uniform background (which could be dark) reaction time is inversely related to stimulus intensity and approaches an asymptote at high intensities. Pieron (1952) described this relationship using a power function, as defined by Eq. (1).
where R is reaction time, R min is the asymptotic reaction time, k is a constant, and b is the power index, which is negative for reaction times. In the case of gratings, reaction time varies with stimulus contrast and spatial frequency (Breitmeyer, 1975; Felipe, Buades, & Artigas, 1993; Harwerth & Levi, 1978; Murray & Plainis, 2003; Plainis & Murray, 2000) , as well as mean luminance (Plainis & Murray, 2000) . Reaction time to spots or gratings also depends on stimulus size (Mansfield, 1973) , eccentricity and presentation duration (Mansfield, 1973; Murray & Plainis, 2003) . For some stimulus conditions the reaction time curve exhibits a discontinuity. In such cases the two phases appear to pertain to two different mechanisms, for example, magnocellular versus parvocellular (Harwerth & Levi, 1978; Murray & Plainis, 2003; Parry, 2001) , or rodmediated versus cone-mediated (Mansfield, 1973) .
The spectral sensitivity of the eye has been investigated using reaction time, over a range of intensities, by a number of researchers (He, Rea, Bierman, & Bullough, 1997 Lit, Young, & Shaffer, 1971; Mansfield, 1973; Pollack, 1968) . In the photopic and high mesopic range spectral sensitivity for reaction time to stimuli centred at the fovea can be described by the observer's photopic flicker sensitivity function (Lit et al., 1971; Pollack, 1968) or by V (k) (He et al., 1997; Mansfield, 1973) . As intensity is reduced into the low mesopic range, there is evidence of a change in spectral sensitivity for on-axis reaction times, with peak sensitivity shifting towards shorter wavelengths (Lit et al., 1971; Mansfield, 1973; Pollack, 1968) , which is related to the shift in spectral sensitivity first described by Purkinje (1823) . Under some conditions, however, spectral sensitivity appears to follow V (k) over the whole range of intensity from photopic to scotopic (He et al., 1997) .
Using stimuli presented in the periphery, Mansfield (1973) found that spectral sensitivity derived from reaction time changed from a peripheral cone-mediated sensitivity function (see Wald, 1945a ) at a high intensity, to the spectral sensitivity function of the rods at a low intensity (also see Wald, 1945a) . He et al. (1997) found that for peripheral stimuli, V (k) provided an adequate description of reaction time spectral sensitivity for backgrounds above 0.6 cd m À2 . Below this critical luminance spectral sensitivity could be described by functions whose peak sensitivity shifted towards shorter wavelengths. In a later study, He, Bierman, and Rea (1998) investigated spectral sensitivity using a measure of reaction time, referred to as the binocular simultaneity method (BSM) (see . Using the BSM, He et al., showed that spectral sensitivity for reaction times to peripheral, monochromatic stimuli could be described by a linear combination of V 10 (k) and V 0 (k) (V 10 (k) is the CIE 1964 y 10 ðkÞ colour matching function, which approximates a large field photopic flicker photometric function). The relative weightings of V 10 (k) and V 0 (k) were shown to vary with light level. It is an attractive proposition for mesopic photometry that spectral sensitivity measured using a response such as reaction time could be described by a linear combination of standard CIE luminous efficiency functions. It would be relatively straightforward to develop photometric instrumentation based on a combination of standard CIE luminous efficiency functions V (k) and V 0 (k), or even utilising a function such as V 10 (k). Such a system of mesopic photometry was first suggested by Palmer (1966) . Palmer's model was derived from mesopic brightness matching data and it has been shown that the brightness matching spectral sensitivity is better described by a model that includes contributions from the chromatic mechanisms (CIE, 2001; Sagawa, 2006) . The findings of He et al. (1998) advocate reaction time as a suitable response on which to base such a system of mesopic photometry.
A system of photometry should obey Abney's laws (Wyszecki & Stiles, 1982) . For mesopic photometry, additivity can only be expected to hold within a given level of adaptation due to the variation in spectral sensitivity with adaptation (Berman & Clear, 2001) . A discussion of the requirements and difficulties of developing a system of mesopic photometry has been published by the CIE (1989). In the photopic range flicker photometry obeys additivity (Ikeda, 1983) , whereas brightness matching displays marked departures from additivity (Burns, Smith, Pokorny, & Elsner, 1982) . The physiological substrate for flicker spectral sensitivity is believed to be the magnocellular pathway (De Valois, Abramov, & Jacobs, 1966; Lee & Martin, 1987; Lee, Martin, & Valberg, 1988) , which produces V (k)-like sensitivity functions. In general, a response that is mediated by the magnocellular pathway and exhibits additivity in the photopic range is thought to be a good candidate for exhibiting additivity in the mesopic range. Like flicker responses, reaction time is thought to be mediated by the magnocellular pathway under most conditions because it is a fast response that appears to produce V (k)-like photopic spectral sensitivity functions (He et al., 1997 Lit et al., 1971; Mansfield, 1973; Pollack, 1968) . Reaction time has the advantage over flicker that it can be applied readily to real world tasks, for example, the time to detect a target in a natural scene.
Spectral sensitivity functions are usually obtained by finding the radiance of a monochromatic stimulus required to produce a fixed response, for example minimum flicker, or in the case of reaction time, to obtain a fixed reaction time. The same method can also be applied to chromatic stimuli with broadband spectral power distributions. An alternative approach is to consider for a fixed background intensity, the entire reaction time curve for a range of stimulus contrasts, and adopt the criterion that these curves should be identical for all chromatic stimuli when stimulus contrast is weighted by the spectral sensitivity function. One advantage of this method is that it is not necessary to obtain the same reaction time for a number of different chromatic stimuli, which is difficult to achieve in practice. For this criterion to be met, however, it must be possible to obtain the same reaction time curves across the spectrum. If, as the results of He et al. (1997 He et al. ( , 1998 suggest, the magnocellular pathway mediates reaction time in the mesopic range, it would have to be possible for the same reaction time functions to be achieved across the spectrum from the relative contributions of cone-based and rodbased inputs to this pathway. He et al. (1998) showed that a fixed reaction time can be achieved across the spectrum at different levels in the mesopic range from the relative contributions of rod and cone signals. From a theoretical standpoint, any system of photometry based on a nonlinear response such as reaction time, will not fulfil the requirements of additivity unless the response curves are identical across the spectrum. For example, at a fixed level of adaptation, two stimuli matched for reaction time will not produce equal reaction times when doubled in contrast, unless the response curves as a function of contrast are identical.
Our aim was to measure reaction times to chromatic stimuli with a range of broadband spectral power distributions, presented in the periphery, to determine whether reaction time spectral sensitivity could be described by a combination of a CIE photopic luminous efficiency function and V 0 (k). We chose broadband stimuli because they are more representative of stimuli encountered in real scenes than monochromatic lights. First, we characterised the reaction time responses of our observers using stimuli with the same relative spectral power distribution as the background; these stimuli will be referred to as achromatic. We then measured reaction times for chromatic stimuli and used the results to determine the combination of CIE luminous efficiency functions that described spectral sensitivity from reaction time most closely.
Methods

Equipment
Stimuli were presented on a red-green-blue, CRT display (Sony trinitron, GDM-FW900) with a frame rate of 75 Hz, driven by a 10-bit graphics card. The display subtended 23°· 36°of visual angle at a viewing distance of 70 cm. Observers were positioned at this distance with the aid of a chin rest and forehead support. The mean luminance of the display was maintained at approximately the same value for measurements at all background luminances. This maximised the stimulus gamut and allowed stimuli at low light levels to be presented within the linear range of the display. Background and stimulus luminance were attenuated over a range of 3 log units by mounting spectrally calibrated neutral density filters (Galvoptics Ltd) between the observer and the monitor. A hood prevented any light from reaching the observer that had not passed through the filter. The spectral radiance of the red, green and blue phosphors was measured at maximum output using a calibrated spectroradiometer (Minolta CS-1000). The luminance of each electron gun was measured as a function of voltage step for the red, green and blue guns using a calibrated photometer (LMT L1009). The spectral transmittance of the neutral density filters was measured with the spectroradiometer using a stabilised tungsten-halogen source as a reference. Reaction time was recorded with a resolution of 1 ms using a counter/timer on an input/output board (Amplicon PC30AT).
Stimuli
In all experiments a target was presented briefly at an eccentric location on a uniform background. The background was white with CIE 1931 (x, y)-chromaticity coordinates (0.305, 0.323). The CIE's published guidelines for the limits of the mesopic range are from 3 to 0.001 cd m À2 (CIE, 1978) . Measurements were made at four background luminances (L b ) covering low photopic to low mesopic conditions: 10, 1, 0.1 and 0.01 cd m
À2
. The target was a modified Landolt-C (a ring with a sector removed to provide the gap), with an outer diameter of 2°and an inner diameter of 1.2°visual angle. It was presented in one of six, randomly selected locations 10°away from a fixation marker, with polar angles of 0°, 60°, 120°, 180°, 240°, and 300°. Target location was varied from trial to trial, firstly, to minimise effects of local adaptation and secondly, so that the observer did not know where to expect the target. The target had a rectangular temporal profile and was presented for 500 ms. The pre-stimulus period varied randomly between 600 and 1000 ms so that the observer could not anticipate when the target would appear.
Procedure
Observers adapted to the background before starting measurements (for a minimum of 5, 8.5, 13 and 20 min for 10, 1, 0.1 and 0.01 cd m À2 , respectively). Dark adaptation times were calculated by approximating the rate of dark adaptation using an exponential function that decreased with log luminance, and setting a minimum time of 5 min at 10 cd m À2 and a maximum time of 30 min at 0.001 cd m
À2
. In each session, measurements were made at one background luminance for a number of different target conditions (targets with different luminance contrasts and/or chromaticities). Each target condition was presented 80 times. Sessions were split into sections consisting of 240-320 presentations (3-4 target conditions displayed in a random order).
All measurements were performed binocularly. During a measurement session observers were asked to press a response button as soon as they had detected the target. Unusually long or short reaction times were discarded automatically at the end of each session (>mean + 2 standard deviations and <mean À 2 standard deviations) to eliminate anticipatory and delayed responses arising from lapses in the observers' concentration. An average of five measurements were discarded for any single target condition.
All sections within a session included presentation of a reference target. The reference was achromatic and had a different value of luminance contrast at each background luminance (0.075, 0.15, 0.24, 0.26 at 10, 1, 0.1, and 0.01 cd m À2 , respectively). Luminance contrast was defined as (L t À L b )/L b , where L t is the luminance of the target. Reference contrasts were chosen that produced reaction times above the asymptotic reaction time and had approximately the same variance over the four background luminances. Within each background luminance, results for the reference condition were used to offset the reaction times to all other targets to account for drift in the response of each observer, both within each session and across sessions.
Achromatic reaction time experiments
At each background luminance, measurements were obtained firstly for achromatic targets; six with positive luminance contrast (luminance increments with respect to the background) and six with negative luminance contrast of the same magnitude (luminance decrements with respect to the background). The values are given in Table 1 . The minimum magnitude of luminance contrast was just above detection threshold for all observers (it was based on the detection threshold measured using a staircase procedure for one observer, adjusted to be visible for all observers). The maximum magnitude of luminance contrast was an estimate of the asymptotic reaction time, based on the preliminary measurements of one observer. The intermediate contrasts increased in roughly exponential steps.
Chromatic reaction time experiments
Reaction times were also obtained for 12 chromatic targets at each background luminance. The spectral power distributions of the chromatic targets were chosen so that the chromaticities were spread over a range of hues, as shown in Fig. 1 . Chromatic targets were chosen, on the basis of preliminary measurements, to evoke reaction times that fell on the steep portion of the reaction time curve, where there is an approximate linear relationship between reaction time and intensity. This resulted in targets at the higher background luminances having lower chromatic saturations compared to those at the lower background luminances. The CIE 1931 (x, y)-chromaticity coordinates of the chromatic targets are given in Table 2 . The spectral radiances of the chromatic stimuli were calculated from the measured spectral power distribution of the CRT phosphors and the luminance of the red, green and blue, electron guns, taking into account the spectral transmittance of any neutral density filter that was used. Values of spectral radiance computed using this method and measured with the spectroradiometer were found to agree within 5%. 
Observers
Ten observers performed reaction time measurements (mean age 26, range 19-32, 5 females and 5 males). All observers were classified as normal trichromats using the Ishihara plates and the computer-controlled colour vision test described by Barbur, Birch, and Harlow (1992) . All subjects had high contrast visual acuity of 0.0 log minimum angle of resolution or better, no central visual field defects (30°field), nor signs of any other ocular abnormality.
Results
Achromatic reaction time experiments
The mean of the reaction times obtained by all 10 observers to the achromatic stimuli is shown as a function of luminance contrast in Fig. 2 . At each background luminance reaction time decreased nonlinearly with increasing contrast and approached an asymptote at high contrasts. The asymptotic reaction time corresponded to the minimum reaction time that could be measured at that background luminance. There was little difference in reaction time to positive and negative contrast of the same magnitude. The relationship between reaction time and luminance contrast was modelled at each background luminance using a function based on that of Pieron (shown in Eq. (1)), but with intensity replaced by contrast, with the power index set to À1, and assuming that an infinitely long reaction time should be obtained at contrast threshold. This relationship is shown in Eq. (2).
where R is reaction time, R min is the asymptotic reaction time, C is luminance contrast, C 0 is contrast threshold and k is a constant. R min , C 0 , and k were optimised in the fitting procedure by minimising the sum of the squared differences between the measured reaction times and the model predictions of reaction time. Fits were obtained to the mean of the combined results for positive and negative contrast. The fitted curves are also shown in Fig. 2 .
We also modelled reaction time as a function of both contrast and background luminance. By inspecting each of the parameters in Eq. (2) it was found that the asymptotic reaction time and contrast threshold increased as a linear function of decreasing log background luminance, and that the relationship between the constant, k and background luminance could be adequately described by a power function. This produced the relationship between reaction time, 
where R is reaction time, L b is background luminance, C is contrast, b i and a are constants. The fit of this model to the mean results for all observers for both signs of contrast is shown in Fig. 3 . The increase in asymptotic reaction time and contrast threshold with decreasing background luminance can be seen clearly in this graph. The contrast and background luminance model produced almost as good a fit to the data as the simple contrast model fitted to each background luminance individually; the coefficient of determination, R 2 for each model was 0.99, but there was a marginally smaller residual error for the simple contrast model.
Characteristic reaction time curves for individual observers
We wished to characterise the achromatic reaction time functions of each observer so that the results of the chromatic experiments could be compared to these functions. Inter-observer variation in the range of achromatic reaction times meant that for this purpose it was necessary to fit curves to the results of each observer, individually, to preserve the properties of his/her reaction time functions. Fits were made at each background luminance using the simple contrast reaction time model Eq. (2). We chose the simple contrast model because it was easier to use than the more complex model in Eq. (3) and produced a marginally better fit to the data. These fitted curves formed what will be referred to as the characteristic reaction time curves for each observer.
The achromatic targets had the same relative spectral power distribution as the background. The luminance contrast of such a stimulus is independent of the luminous efficiency function used to calculate it [see Eq. (1) in Walkey et al., 2005] . For example, photopic luminance contrast [calculated with V (k)] is equal to scotopic luminance contrast [calculated with V 0 (k)] for such a stimulus. Hence, each characteristic reaction time curve could be used as a measure of reaction time performance that was independent of luminous efficiency, i.e., it could be used as a measure of reaction time performance that was independent of reaction time spectral sensitivity.
3.3. Testing models for mesopic spectral sensitivity using the results of the chromatic reaction time experiments and the characteristic reaction time curves
The results of the chromatic experiments were used to test candidate models for mesopic reaction time spectral sensitivity. We wished to investigate whether our broadband chromatic reaction time data could be described by a spectral sensitivity function of the form put forward by He et al. (1997 He et al. ( , 1998 , which is shown in Eq. (4).
where V p (k) is a photopic luminous efficiency function, V 0 (k) is the CIE scotopic luminous efficiency function and x is a constant. This will be referred to as the x-model. Testing the x-model required finding the values of x at each background luminance that provided the best fit to the chromatic reaction time data.
To begin with we calculated the mesopic contrasts of the chromatic stimuli. The mesopic contrast, C m of each chromatic stimulus was defined according to Eq. (5).
where E t (k) and E b (k) are the spectral radiances of the target and background, respectively and V m (k) is the unknown mesopic spectral sensitivity function. Hence, for the x-model the mesopic contrasts were dependent on the value of x. We adopted the criterion, described in the introduction, that reaction time curves as a function of intensity should be identical for all chromatic stimuli when weighted by the (reaction time) spectral sensitivity of the eye. According to this criterion, for each observer at each background luminance, the reaction times for all chromatic stimuli should fall on the same curve when plotted against mesopic contrast, C m . Furthermore, we already had templates for these curves for each observer at each background luminance in the characteristic reaction time curves. As explained in the section above, the characteristic reaction time curves were independent of spectral sensitivity, and, therefore, would be identical whether plotted as a function of photopic contrast or mesopic contrast, C m . Finding the value of x in the x-model for a single chromatic stimulus and for one observer, simply involved adjusting x so that the mesopic contrast of the chromatic stimulus matched the contrast of the achromatic stimulus that produced the same reaction time as that measured for the chromatic stimulus. This relationship is illustrated in Fig. 4 . The contrast of the achromatic stimulus that produces the same reaction time as that measured for a chromatic stimulus will be referred to as the matching achromatic contrast, C ach . By converting chromatic reaction times to matching achromatic contrasts, the nonlinear response variable (reaction time) was transformed to a linear variable (contrast). At each background luminance there were 12 chromatic stimuli with mesopic contrasts that were dependent on V m (k). For the x-model, mesopic contrast was dependent on the parameter x, giving C mi (x) i = 1-12. Ten observers obtained a mean reaction time for each of the 12 chromatic stimuli (R c is the reaction time to a chromatic stimulus), giving R c i, j i = 1-12, j = 1-10. For these reaction times, matching achromatic contrasts were found from the characteristic reaction time curves for each observer using Eq. (6), giving C ach i, j i = 1-12, j = 1-10.
where C ach is matching achromatic contrast, R c is the reaction time measured for a chromatic stimulus and C 0 , k and R min are the parameters pertaining to each observer's characteristic reaction time curve at a given background luminance. The matching achromatic contrasts were then averaged across the ten observers, resulting in
The parameter x in the x-model was optimised by minimising the squared differences between the linear variables C mi (x) and C achi , as shown in Eq. (7).
Mean matching achromatic contrasts C ach i were permitted to vary by 5% to allow for errors in the fit of the characteristic reaction time curves from which they were obtained. The fitting procedure was repeated for all four background luminances.
We investigated the fit of the x-model using V (k), V M (k) [the Judd-Vos modification of V (k) (Judd, 1951; Vos, 1978) ], and V 10 (k) as the photopic luminous efficiency function V p (k) in Eq. (4). The results of fitting these three versions of the x-model are shown in Tables 3 and 4. Table 3 gives the values of the parameter x at each background luminance. For all three versions [using V (k), V M (k) and V 10 (k)], x was similar at backgrounds of 10 and 1 cd m À2 , but a marginally larger weighting of the photopic luminous efficiency function was found at 1 cd m À2 . Below 1 cd m À2 the value of x decreased, implying a shift of peak sensitivity to shorter wavelengths. At 0.01 cd m À2 reaction time spectral sensitivity data was best described by V 0 (k) alone. The coefficient of determination for each model fitted over all four background luminances is given in Table 4 along with the sum of squared residual errors between C m, i (x) and C ach i combined over the four background luminances (denoted SSE). The best fit of the x-model was obtained using V 10 (k) as the photopic luminous efficiency function. Fig. 5(A) shows the mesopic spectral sensitivity functions, V m (k) generated from the fits of the x-model [incorporating V 10 (k)] to the chromatic reaction time data. Note that the spectral sensitivity curve at 0.01 cd m À2 is equal to V 0 (k). For each background luminance the mesopic contrasts, C mi (x) obtained for the x-model that incorporated V 10 (k) were converted back into reaction times using the characteristic reaction time curves for each observer. . The dashed line shows the characteristic reaction time curve for observer G, which was the curve fitted to the achromatic reaction times. Observer G obtained a reaction time of 375 ms to a single chromatic stimulus. The arrows illustrate how the matching achromatic contrast, C ach = 0.18 was found for this chromatic stimulus. Table 3 Coefficients for three versions of the x-model fitted to the chromatic reaction time data at each background luminance Table 4 The coefficient of determination (R 2 ), the sum of squared errors (SSE), and the degrees of freedom (df) for the three versions of the x-model and for the colour-model fitted to the chromatic reaction time data X-model Colour-model targets compared to the predicted reaction times, collapsed across all four background luminances. The majority of the predicted reaction times corresponded closely with the measured times, but a number were much longer than expected. This indicated that some mesopic contrasts calculated using the x-model were too low, and that there should be an additional contribution to mesopic contrast, not accounted for by the x-model, which would result in shorter predictions of reaction time. This is also illustrated in Fig. 7 (A) where the measured reaction times for a single observer have been plotted against mesopic contrast according to the x-model. Compared to the characteristic reaction time curves for this observer, the mesopic contrasts for a number of the stimuli were too low. This shortfall in contrast was more obvious at the highest three background luminances (10-0.1 cd m À2 ) than at the lowest luminance.
Although chromatic sensitivity diminishes with reduction in luminance (Brown, 1951; Walkey, Barbur, Harlow, & Makous, 2001) , colour can play an important role in visual performance even at low mesopic levels (Barbur, Harlow, Smith, & Hurden, 1998) . The x-model does not account for any possible contribution of the colour-opponent mechanisms. We wished to investigate, therefore, whether activity in the colour-opponent mechanisms had any effect on reaction times.
Additional chromatic reaction time experiments
Reaction times were obtained by a single observer for an additional set of chromatic stimuli at a background luminance of 1 cd m À2 . This set consisted of 15 pairs of stimuli. The two stimuli in each pair had the same mesopic contrast according to the x-model that incorporated V (k), but one stimulus of the pair produced a stronger chromatic signal than the other. The 15 pairs covered a range of mesopic contrasts (0.02-0.2). The strength of the chromatic signal was defined in terms of the difference in chromaticity (referred to as CD) between the target and background measured as a distance in CIE 1976 (u 0 , v 0 )-chromaticity space. For a white background, CD can be thought of as a measure of chromatic saturation: the larger the CD the more saturated the hue. One stimulus in each pair had a small CD (0.036) and the other stimulus in the pair had a larger CD (0.06), which will be referred to as ''large CD.'' Fig. 8 shows the stimuli in CIE 1976 (u 0 , v 0 )-chromaticity space. The chromaticities are given in Table 5 . For all stimulus pairs the increase in CD resulted in an increase in S-cone contrast and in a (L-M) contrast signal. The reaction times to these stimuli are shown in Fig. 9(A) . For each pair, the reaction time for the stimulus with a small CD was longer than that for the large CD. Differences in reaction time for the two stimuli in each pair diminished as mesopic contrast increased. These results provided evidence that activity in the chromatic mechanisms did affect reaction times, particularly when mesopic contrast determined from the x-model was low.
Testing an alternative model for mesopic reaction time spectral sensitivity
In light of the results showing an effect of chromatic signal strength, we decided to test the fit of a second model of mesopic spectral sensitivity to the data. The second model is given in Eq. (7) V m ðkÞ ¼ a 1 V 10 ðkÞ þ a 2 V 0 ðkÞ þ a 3 ja 4 LðkÞ À MðkÞj þ a 5 SðkÞ 0 6 a w 6 1;
where L (k), M (k), and S (k) are the Stockman and Sharpe 10 0 cone fundamentals (Stockman & Sharpe, 2000; Stockman, Sharpe, & Fach, 1999) , and the a (w = 1-5) are constants to be determined in the fitting procedure. In this model the mesopic spectral sensitivity functions, V m (k), included contributions from the redgreen colour-opponent mechanism and the short wavelength sensitive cones (S-cones) modelled in terms of cone spectral sensitivity functions. The contribution of the red-green colour-opponent mechanism was modelled in terms of the difference in activity of the long wavelength sensitive cones (L-cones) and the medium wavelength sensitive cones (M-cones). This model will be referred to as the colour-model. For the colour-model mesopic contrast was dependent on a (w = 1-5). For each background luminance, the values of a were sought that minimised the sum of the squared differences between the mesopic contrasts, C mi (a) and the mean matching achromatic contrasts C achi for the chromatic stimuli as shown in Eq. (8).
The parameter, a 4 was restricted to fall between 1.1 and 2.0 to ensure that the absolute value of the difference between the weighted L-cone fundamental and the M-cone fundamental produced a minimum in sensitivity between 560 and 590 nm. This spans the range of wavelengths at which the activity of the red-green opponent mechanism is thought to be at a minimum.
The results of fitting the colour-model are shown in Tables 4 and 6. Table 6 gives the values of a for each background luminance. As luminance was reduced there was a diminishing contribution of V 10 (k) and |a 4 L(k) À M (k)| to V m (k), and an increasing contribution of V 0 (k). The trend for the contribution of the S-cones was less clear, although it was noticeably absent at the lowest background luminance (0.01 cd m À2 ), where V 0 (k) dominated the spectral response. Table 4 shows the coefficient of determination and the sum of squared residual errors between C mi (a) and C achi combined across all backgrounds for the colour-model. In comparison with the best fitting version of the x-model, the colour-model described a higher proportion of the variance in the data, but using additional parameters. To determine whether the colour-model represented a statistically significant improvement over the x-model, an F-test was carried out. The F-ratio for the improvement in the fit of the colour-model compared to the x-model was 3.41, which was larger that F crit,3/43 = 2.83. Hence, the additional complexity of the colour-model provided a significantly improved fit to the data.
The spectral sensitivity functions, V m (k) derived from the colour-model are shown in Fig. 5(B) . The functions for the three highest background luminances exhibited three peaks, arising from the inclusion of terms to describe the activity of the colour-opponent mechanisms in the model. These peaks occurred at 444, 529, and 592 nm.
Reaction times were predicted from the mesopic contrasts, C mi (a) obtained for the colour-model using the characteristic reaction time curves for each observer. Fig. 6(B) shows the reaction times measured for the chromatic targets compared to the reaction times predicted from the colour-model, collapsed across all four background luminances. The majority of the predicted reaction times corresponded closely with the measured times. There remained a number of predicted reaction times that were longer than expected, but the differences between measured and predicted values were smaller than for the best fitting version of the x-model. In Fig. 7(B) it can be seen that, in general, the colour-model produced mesopic contrasts that were closer to those expected (the measured reaction times for this observer fell closer to the characteristic reaction time curve). The stimuli had either a large or small CD chromatic difference to the background chromaticity, measured in CIE 1976 (u 0 , v 0 )-chromaticity space. Stimuli with the same chromaticity coordinates had different photopic luminance contrasts and rod contrasts. To test further the ability of the colour-model to describe reaction time spectral sensitivity, we returned to the measurements obtained for pairs of targets with different CDs. We computed the mesopic contrasts of these stimuli according to the colour-model and re-plotted the reaction time versus mesopic contrast, which is shown in Fig. 9(B) . This time the reaction times for a large CD and a small CD appeared to fall on a single curve, indicating that the colour-model described the effect of CD on reaction time well. A reaction time model of the form given in Eq. (2) was fitted to these results, with mesopic contrast, C m , calculated firstly according to the x-model and secondly the colour-model. These curves are also shown in Fig. 9 . Comparison of the sum of squared residuals for these fitted curves emphasised the advantages of the colour-model over the x-model in describing the effect of CD on reaction time (SSE, SSE, . This improvement in fit was found to be statistically significant: F = 32.71, F crit,3/27 = 2.96.
Discussion
The variation of reaction time with contrast and background luminance from low photopic to low mesopic levels
Reaction times to ring stimuli presented on a uniform background can be described as a function of stimulus contrast and background luminance using a relationship of the form given in Eq. (3). This is a modified version of Pieron's reaction time function. Both contrast threshold and asymptotic reaction time increased with reduction in background luminance. Reaction times to decrements in luminance contrast were found to be very similar to reaction times for increments. This is unlike the case for contrast thresholds (Blackwell, 1946; Vingrys & Mahon, 1998) , or judgements of perceived contrast (Walkey et al., 2005) , which differ for contrast increments and decrements.
Reaction time spectral sensitivity in the mesopic range
For broadband stimuli presented peripherally on a uniform background, we have shown that reaction time spectral sensitivity can be described crudely by a combination of a photopic luminous efficiency function and the scotopic luminous efficiency function (the x-model). This model did not, however, account for the increase in reaction time for stimuli that produced a small chromatic signal compared to those that produced a larger chromatic signal (measured in terms of the chromatic difference to the background). We found that by modifying the x-model to include terms describing the contribution of the L-M colour-opponent mechanism and the S-cones, we achieved a significantly better characterisation of reaction time spectral sensitivity according to our reaction time data.
Previous studies (He et al., 1997 Lit et al., 1971; Mansfield, 1973; Pollack, 1968) using either foveally centred stimuli or peripheral stimuli have proposed that the reaction time spectral sensitivity is essentially achromatic. In other words, spectral sensitivity resembles a cone-mediated flicker photometric function, the spectral sensitivity of the rods, or a linear combination of the two. The spectral sensitivity of the rods derived either from brightness matching in scotopic conditions (Crawford, 1949) or from measurements of absolute threshold (Wald, 1945b) , is achromatic. When flicker photometry is performed in coneisolating conditions it taps an additive response of the L-and M-cones, and is necessarily achromatic, also (Lee et al., 1988; Stockman, MacLeod, & Johnson, 1993) . Although it is generally believed that the magnocellular pathway provides the physiological substrate for flicker spectral sensitivity functions (De Valois et al., 1966; Lee & Martin, 1987; Lee et al., 1988) , cells of the parvocellular system can also exhibit spectral sensitivity that is similar to V(k), depending on the properties of the stimulus (Zrenner, 1988) . Murray and Plainis (2003) proposed that reaction times to achromatic gratings are mediated by the magnocellular system when stimulus contrast is low and the parvocellular system when contrast is high, and that in some cases reaction times may be determined by activity in both the magno-and parvocellular systems. In all the reaction time studies referred to above, whether the response was mediated by the parvocellular or the magnocellular system, it did not appear to include any contribution from the colour-opponent mechanisms.
Reaction time is determined from activity in the colouropponent mechanisms when stimuli are isoluminant, particularly when transient signals associated with stimulus onset are reduced or masked (Barbur, Wolf, & Lennie, 1998; McKeefry, Parry, & Murray, 2003; Smithson & Mollon, 2004) . The effect of the chromatic mechanisms on reaction time is less apparent or absent when stimulus onset is accompanied by a large change in luminance contrast (Nissen & Pokorny, 1977; Ueno, Pokorny, & Smith, 1985) , especially when luminance increments are accompanied by a transient spatial signal (Ueno & Swanson, 1989) . Reaction time appears to be dependent on a combination of chromatic and achromatic signals for stimulus conditions when luminance contrast is low (Ueno et al., 1985; Ueno & Swanson, 1989) .
The chromatic stimuli that we used, were chosen, based on preliminary measurements, to elicit reaction times that were shorter than the asymptotic reaction time and fell on the approximately linear portion of the reaction time curve at each background luminance. For contrasts larger than that at which the minimum reaction time is reached, information about spectral sensitivity is lost because the same reaction time is obtained despite differences in contrast. In applying this restriction, the chromatic stimuli that we used tended to have a small value of luminance contrast. All our stimuli had a chromatic difference to the background, hence they all generated a chromatic signal.
As explained above, under these conditions the reaction time response is most likely to originate from a combination of chromatic and achromatic signals. The reaction times obtained for a large and small CD highlight the influence of luminance contrast on the relative contribution from the chromatic mechanisms to the response: the difference in reaction times for the two CDs was much greater for stimulus pairs with a small luminance contrast than it was for pairs with a large luminance contrast. In comparison, for all previous studies which proposed that reaction time spectral sensitivity is essentially achromatic, stimulus onset produced a relatively large transient change in luminance contrast. These are precisely the conditions in which the chromatic mechanisms are less likely to contribute to the response. Therefore, depending on the characteristics of the stimulus, mesopic reaction time spectral sensitivity may be adequately described by a linear combination of a photopic and the scotopic luminous efficiency functions, or may be better described by a model that also accounts for the contribution of the chromatic mechanisms.
Assumptions behind the derivation of spectral sensitivity functions from reaction times and their use in photometry
Spectral sensitivity curves can be determined from a nonlinear response such as reaction time, using either a fixed reaction time or variable reaction times. Whether for a fixed reaction time or variable reaction times, adjusting radiance to equate for performance assumes that the same level of performance can be reached across the wavelength spectrum. For this to be achieved the response must be mediated by a single mechanism, or if there is more than one underlying mechanism, it must be possible to achieve the same level of performance across the spectrum by the contributing mechanisms.
One method of extracting information about spectral sensitivity from variable reaction times has been demonstrated here. We applied the criterion that at a fixed background luminance performance should be matched over the whole response curve, rather than at only one point on the curve. For this criterion to be met, it must be possible to elicit the same response curves across the spectrum. We adopted this criterion from a theoretical standpoint in relation to photometry. If this premise does not hold, when determining spectral sensitivity curves from a fixed reaction time, different curves would be obtained from choosing different fixed reaction times, which violates the requirement of additivity. We have not demonstrated that it is possible to obtain the same reaction time curves across the spectrum. There is some justification, however, for expecting similar levels of performance for mesopic reaction times even considering that there may be contributions from the rod mechanism, an achromatic cone-based mechanism, and the chromatic mechanisms. Little difference in latency has been found between the red-green and blue-yellow colour-opponent mechanisms when contrast is scaled suitably (McKeefry et al., 2003; Smithson & Mollon, 2004) . There is evidence that reaction times to chromatic stimuli are longer than those to changes in luminance contrast McKeefry et al., 2003) , but this does not imply that the combination of chromatic and achromatic signals would differ across the spectrum. The same argument can be extended to the combining of cone-based and rod-based responses. We would have expected much poorer fits to the chromatic reaction time data if the criterion we applied was not met approximately at least.
A system of photometry should reflect the efficiency of visual stimuli under at least one fixed set of conditions, but may not necessarily extend to more general conditions. For example V (k) is representative of flicker sensitivity and minimally distinct border for centrally viewed fields of 2°in diameter. In the case of mesopic photometry any system should obey the restricted conditions of additivity within a fixed level of adaptation, as described in the introduction. The finding that the colour-model produced a significantly better fit to the chromatic reaction time data than the x-model, suggests that reaction time cannot form the basis of an additive system of mesopic photometry. Visual responses, such as brightness matching, that have contributions from the chromatic mechanisms and produce triple-peaked spectral sensitivity functions, do not display additivity. This appears also to be the case for our chromatic reaction time data. However, if the conditions under which there are no significant contributions to reaction time from the chromatic mechanisms can be defined clearly, it may be possible to use reaction time as a basis for a system of mesopic photometry that is additive, as suggested by the results of He et al. (1998) .
